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We report on a study to determine the effliciency of various bufler gases in quenching the population
trapping states of laser excited ytterbium ions. The tons were confined in an rf/de hybrid trap, and
their ZS]/E {} 2]’3/2 transition was excited Wit 1 329 nin Ja ser light. Buffer gases used include 1y, Ny,
COgy, Ar, and 1 lc at several different pressure regimes. We have identified Ny to be highly eflicient
in quenchiug the population of the trapping states, and thus be the most suit abl e bufler gas to use
with ytterbinm for the development of a trapped ion microwave frequency gtandard.

The 171 isolope of ytterbinm is a particularly attrac-
tive cholee for trapped jon Trequency star idards appli-
cations. This ion has a nuclear spinl=z 172 and thus a
simple hyperfine level structure with an cnergy splitting
of 12.64Gllz. Thelower lying excited clect ronic states of
singly 1onzed yiterbinm are accessible from the ground
state withlight generated by requency doubled semicon-
ductor lasers [1,2]. This is a particularly useful feature
of the ytierbiumion in connection with the development
of practicalstandards.

The major obstacle in the developent of a frequency
st andard based on the ytterbium ion is the existence o f
population trapping states. Thesemetastable states pre-
vent the ton from making the desired clock transition by
retaining 1t in an energy cigenstate for a time correspond-
ing to the lifetime of the eigenst ate. The presence of low
lying metastable levels in the electronic structure of the
ytterbiutit ion has been the subject o f much study and
coticernt [3 8], Such long lived states can “lrap” the ex-
cited population of ions involved in the optical pumiping
of the clock transition. The observation of a “dark” state
with estimated hfctine exceeding several (lays has been
associated w it h populat ton trapping in the 4_f13(5.922]/'7/2
stat ¢ [7] and has beenexamined inseveralinvestigations
[1 ,4,5,9]. lnitial studies of the 1 state have resulted in
sorme unanswered  questions concerning the mechanisin
for its population; these studies have not identified an
efficient schicrne to de- excite the ions back to the ground
state.  Until now the only effective approach to avoid
population trappi ng in the “dark” state involved using
additional 1asers to depopulate the mnetastable D-states
(3 5,9 1 1], whichare believed to be the interinediary
path to the excitation of the I state.

Inthis paper we examine the eflicacy of several dif-
ferent bufler gases (including 11,, Ny, CO4, He, and Ar)
in quenching the populat jon of the “dark” state i the
yiterbium jon. Nitrogen is found to be extremcly of-
ficient at quencliing the dark state with an estimated
quenching rate of 3.78x1 01/sce/Pafor pressures less than

2.66 x 10 "Pa. While the influence of nitrogen on the de-
pletion of” the population of the “dark” state will he the
primary focus of this paper, we will also present results
obtained with other gases wlit point to a possible path
for population trapping due to molecular formation with
laser excited 1ons.

Bufler gas studies were performed with naturally abun-
dant yttcrbium, as well as withisotopically euriched yt-
terbium 171 jons confined ina  hybrid linear rf/de trap
[1 2]. Thaisotopically enriched ylterbium 171 st udy was
performed to examine the offect ot collisions with the
bufler gas on the ¢olierence of t he microwave transi-
tion between the hyperfine levels. The trap is housed
I a stainless steel vacuniy chamber evacuated to a back-
ground pressure below? x 10-7 Pa. 11,, Ny, COy, e,
and Ar were introduced from a manifold connected with
a high precision sapphire variable leak to the vacuum
chambae

Yiterbiumions were generated by collision of counter-
propagating beams of yllerbium atorns from a tantalumn
tube, and clectrons fron a hot filament. The bean i -
rections were perpendicular to the trap axis. During ion
loading « background buffer gas pressurcof 6.7 x1071
I's, as read on theion gauge, was maintained. Once a
sufliciently 1arge cloud of 1ons wa s loaded (~ 106 hoth
the elect ron b cam and the atom beam were tur ned off.
After a short relaxation tiime the pressure was reduced
toa 6.7 x 10- °Paandthesteady state fluorescelice was
micasurcad as a function of buffer gas pressure.

The {l norescence measurcinents were made by exe -
ing the /l.fM(lS)(isQS]/-‘g < )4fM(]S)G]'21’3/2 transition us-
ing 328.9mn ritscr radiation directed along the trap
axis The fluorescence rate from the decay ot the ex-
cited 4, 11 (18)6p* Py level was monitored perpendicu-
larto the trap axis, Thefluorescence was monitored for
30 sccond s, followed by blocking t helaser for atiothor 30
scconds inter val; during, this thme the bufler gas prossure
was manually adjustedfrom 6.7 x 107%10 1.3 x 10-4
Pa. After this period the laser was unblocked again and
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FIG. 1. Steady state fluorescence spectrum for (a) nit ro-

get, (b) hickinmn, (¢) argon (d) carbon dioxide arid (¢) hyd ro-
gen. IPluoresce ence rate was recorded on a multic hannel scaler
with a 110 msce bin width.

time was monitored for anotlier 30 sce-
This procedure was continued until the

flnorescence s,
ond inter val.
fluorescence rate was measured for ecach of the following
nine buffer gas pressures(6.7x 10-5, 1.3x 10-4, 2.7 X 10~
6.7x 10-41.3x 1073, 2.7 x 1073,6.7 x 107 3,1.3 x 1072,
2.7 x 1079 Pa. o11( ¢ thesteady stige. fluorescer ce mea-
surciient was complet ed theions were re-loaded, to re-
place theions lost at very high bufler gas pressures, and
ameas ureinent of the jon temperature was perforined
by scanuing the Jaser 40 Gllz at a rate of 7.63CiH z/s 10
obtain the Doppler profile of the transition. The ter p-
perature measureinn ents were performed at the same nine
bufler gas pressures, each nmicasureinent cotnprising of 50
sca ns sumined to improve the signa1 to noise ratio. Thie
resonance spectrum obtained inthis manner was then fit-
ted to a sutnof five Voight profiles, corresponding to the
five dominant peaks present innaturally abundant ytter-
biuti, using a cominercial curve fitti ng program. Using
the ratio of the peak fluorescer jce together with the ten -
perature measurcinents a quenching rate for th ¢ “dark”
state can be determined.
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IPIG. 2. (a) Partial cuergy level diagram showing Ybt Jev-
cls involved in present study. (b) Iurther simplification where
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the 1) and 17 states have been combined into one state which
we call the “dark” or “trap” state,

Steady state flnorescence and resonance spectra were
obtained for cach of the five bufler gases examinedin this
study. Fig. 1 show the fluorescence mcasurcinents for all
five buflfer gases, s clear fromthe figure that Ny is
the most eflicient of the bufler gases studiedin its ability
to guench the “dark” stint ¢ In order to obtain a more
quantitat ive measuremnent of the influence ot Ny on the
yiterbiur ion, fluorescence vs. Uimemecasurer nents were
repcated with higherresolution and at 1ower press u res.
Fifteen values of Ny pressures between 6.7 x 10- % and
1.3X10 ? P21 werc used to study its quenching eflicacy.

Fig. 2{a) shows a partial energy level diagram for Yht
and2(b) sito\t’s a further simplification where we have
combined the 2Dyyy, 2]);,/2, and “Fr;5 metastable states
into a single “dark” «tate. This DrocC(ure is Justified
since the “dark” state is p resumed to be resulting from
population irapping via a mechanisin that involves the
1) states, or the I' state which is populated through the
D states, or the comnbination of all three states.

Using the oscillator strengt hs and branching ratios
quoted i nFawcet t and Wilson [1 3] wesetup a till'(( level
rate cquation.




Ny = - p(fi2)9(fi2) BLAN A p(f12)a(fi2) ] 3, Ny

1 ANy - Vg Ny, (1)
No /'(fw)!l(fu)“ljg/\/] - /'(flz).fl(fw)“‘]fg-/\/z

A Ny - AgsNy (2)
Na = ApNy — Uiy N, (3)
No= M+ Ny 4 Ny (4)

where A an B are the i n stein cocflicients, I's; 1S the
quenching rate of the “dark” state, and g(fyy) is the
lineshape factor given as the convolution of the Doppler
broadening, hfetime broadening and the lTaser linewidth.
Fawcet { and Wilson quote the radiative decay rates gAgy,
whereg = 24 1 is the statistical weight of the up-
per level, Ay = 1180 x 10 % and we set Agy =
A6 p Py - ) ASM8d"Dygs) o A6 Py,
471542105 5) = 3.383 x 10° 41.458 x 10°=1.796 x
10%. By is related to the A cocflicient through the rela-
tion
33

Bip = ——Aun 9
ik 8h ik ())
Since the laser Iinewidth (~ 1 Mz} is iuch smaller than
cither the Doppler broadening (~ 1 Gllz) or the life-
time broadening (~ 19 MHz) of the s to 2 transition
we assutned L he la ser to be perfectly mon o chromat ic, re-
ducing g(f12) to a convolution of oniy thelifetime and
Doppler broadening. The lifetime lineshape is given by
the lorentzian
] Afrr
ool Jo AJia) = 5 (g
27 (fo = )4 (BT

while the Doppler broadening is give by the gaussian

P Tll i 1 -1 ]“(2)(1,':, Lq)2
¢ ! o = - - Afd R
d(f )f :Afd) \/ n Afd' (7)

The resulting Voight profile is given by

1 \/41,'. 2Af
2n m Afq

/m e oo (8)
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lere Afg is the Doppler 111 width at half maximuimn
which we are able to obtain through the resonance fluo-
rescence data fitted with t he sumof five Voight profiles
as previously discussed (sce fig. 3). Afy is the lifetime
width and is given byAyo/2x. f7 is the center of the
Doppler broadened transition where we have shifted the
origin to set f/ = () and also scl the laser frequency f
to overlap the center of this transition. Throughout the
experitnent the laser frequency is monitored with the aid
of the yerbium hollow cathode lamp. With f/ = () and
J o Othe Jineshape factor 9(0) = 9 = VI, f/, A fy, DSa)

VLT A, Afd) =
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FIG. 3. R csona nec: spe ¢ troum of excitted ytterbium at
1.3 x 107 Pa of N, fit to a sumof five Voight profiles in
order to obtain the doppler width at half maximum and thus
the temprerature.

in equations 1 an d 2. Steady state solutions of equation
1 - 4 1may he obtained by letting M7= Ay = Ay = 0 and
by r carranging the equations to get

]1_(/]1’{2]‘3] No

Ny v -
Pyl (241 -1 Agx) + Tay (A + Agz)

(9)
The N level population is the only one of importance
since the observed fluorescence 1evel is directly propor-
tionalto this population. several time constants are nee-
essary 1o fit the fluorescence rise and decay curves. The
initial peak fluorescence is dominated by a very fast time
constant i which an cquilibriumn is reached between the
ground st ate population depleted by the laser and the
decay of the 17 state viathe various avail able decay chan-
nels. This peak fluorescence is proportional to the maxi-
mum value of My (A7) given by setting Ay /1’31 = () in
eqn. 6. 1 his is Justified since the ratio between Agp and
Agy is large (66:1), which in turn implies that the peak
populationinlevel 2 is approximately equal {o the steady
state populationin thatlevel if I's; is very large. This is
followed hy a muchslower t e constantin which fluores-
cence is lost due to 1ons getting shelved into a metastable
state. The steady state level beyond several sccouds is
determined by the act ual value of 1's1 'T1 ¢ measured ra-
tio ‘R of the steady state fluorescence vs. the peak height
is therefore equal to Mo/ AN from which we can de-
termine Pt as follows:
}).([]f]f?’/l ");;Rv_/\/é“agv

(10)

Iy = —— s - —
P.(I]fyfz - (27'!/“1];) 4 Aoy 4 Agg) RN ®

A plot of I'gy vs. pressure is shownin pig. 4. The data

fit well toapolynomial of order 2 reflecting thermalizing
e flects (1 4,15] and multiple collisional effects that may
be present We have fit { he first seven data points to  a
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I'IG. 4. Quenching rate of ytterbinm’s rap state vs. Ny
buflfer gas 1)1(ss(1,(.  The curved line represents a least
squares {it. of the data to the polynomial I'ay @ al’ + bP?;
a=3.6340.12x10" /s/Paand b = 745+ 1.15 x 10° /s /Pa?,
while the straight line represents a linear least sgu ares fit to
pressures < 26.6 X 107 °1%a.

straight line to obtain a quenching rate I'yy = (3.78 o
().99X 104751 Pa atlow pressures (I <2.66 x 10~1Pa).
T'he uncertainty corresponds primarily 1o fluctuations in
the laser hower.

Highly ¢ flective guenching of inectastable states in
many of the alkali-carths with Ny as a b ufler gas has
been known for niany years and has been attributed
Lo large cross sections for eriergy tra nsport between the
alkali-carths’ clectronic energy into vibrational and rota-
tional states of the nitrogen molecule [14- 16]. We believe
the saime mechanism is responsible for quenching of the
alliali-like singly iomzed ytterbium ion by the Ny bufler
gas.

As the data displayed in 1g. 1 shows He, Ar and COy
exhibit a considerably smal ler efliciency for depleting the
population of the dark state as compared to Na. The
absence of gquenching efliciency with argon and helium is
not surprising since the noble gases do not have the vibra-
tional and rotational structure of diatomic or polyatomic
molecules and therefore may only collisior ially tra nsfer
the clectronic energy into kinetic energy, a p rocess with
a ruch smaller cross section. A previous study of ytter-
biumion’s “@in)” statelifetime as a function of bufler gas
pressure using He, Ne, and Ar indicated relaxat lon times
ou the order of minutes even al pressures approaching |
Pa [7].

I was however surprising to see that neither COy or
11, were eflicient at quenching the {dark” state popula-
tion. Iu fact, with hydrogen as the buffer gas the fluo-
rescence guickly decayed to the level of the background
light and could not be re- established even after extremely
long dark periods (~ several hours). This would in-
ply that cither the trap time with hydrogen is short
or hydrogen is particul arly ineflfectual in reducing the
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FIG. 5. 25 mHz rat nsey fringes corresponding to a 20 scc-
ond scparation between 7 /2 pulse.

duration of the dark period. We verified that the trap
time with hydrogen is quite long by waiting several hours,
after initially Joading theions, before exposing the ions
to the uv radiation. Since hydrogen is quite eflective
in quenching metastable states inother excited ions and
atoms,[(i‘]’]a]?] arid has beenshowntobenearly all order
of magnitude more efficient than nitrogen in quenching
the 21y, state in Ybt [6], we conjecture that molecular
formation between hyd rogen and excited ytterbium ions
may be occurring. COy proved to be a very ineflective
buffer gas yielding very snort trap times, thus being ruled
out as a candidate bufler for use in the ytterbium ion
frequency standard.

A dual decay time characteristic was exhibited when
helinim was used as the buffer gas at pressures of 6.7 x
1073 Pa and greater. A nonlinear behavior of the decay
rate of the 2])3/Q in Ybt at high He p ressures has been
previously observed [6,18] and discussed in detail inref
[18]. We also found that at very high He pressures the
trap time was great ly reduced and a competing effect
between quenching the “dark” state andloss of ions from
thetrapappearedto oc ’('111.

Since our main objective is to exploit the 12.64 Gllz
transition between the hyperfine levels of the ground
state of 'YLt we perforined microwave optical dou-
ble resonance spectroscopy using Ny as a bufler gas and
found no 1oss of coherence inthe ground state hyperfine
levels due to the Ng buffer gas.  In fact we were able
to transfer the population of the ions between the lower
and upper hyperfine states over a 25 sccond period using
the Ramisey separated pulse technique which yicelded a
linewidth of 20 millz (sce fig. ), corresponding to a line
Q of 6.3 x ]0”.]"url]wmmrc, nitrogen was so eflicient
at quenching the “dark stat(? that we were able to oh-
tainsingle shot photoncounts of 1 30,000 above a 50,000
count background, corresponding to a signal-to- noise ra-



tio exceeding 350:1 in the shot noise limit, A potential
stability of 1.8 x 10" M7 /7 is thus realizable with the
present trapping configuration [19].

In summary we have determined a highly eflective
means for quenching the “trap” state in the ytterbium
1on through immtrod uc tion of Ny into the vacuuim system.
A quenchingrateof (1{.634 0.12x10%)/s/Pa — (7.454
1.15 x 109 /s/Pa? was determined by measuring the ra-
tio o f the peak fluorescence to the steady state fluores-
cence level of naturally abundant ytterbium irradiated
with 329nmradiation. We foundno 1oss of ion colierence
duc  to the p resence of nitrogen andyere able to cool
theton temperature down to 600" kelvins, Thisapp roacls
provides a siinple solution to the p roblem of population
trapping, and enables the reahization of the full potential
of ytterbiunn as the active ion in a trapped jon frequency
standard.

This work was carrica oul at the Jet Propulsion Lab-
oratory, California Iustitute of Technology, under a con-
tra ct with the Nationial Acronautic and Space Adminis-
tration.
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